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ABSTRACT 
 
The study, in situations involving accidents, of heat transfer in fuel rods is of known importance, since it can be 
used to predict the temperature limits in designing a nuclear reactor, to assist in making more efficient fuel rods, 
and to increase the knowledge about the behavior of the reactor’s components, a crucial aspect for safety 
analysis. This study was conducted using as parameter the fuel rod that has the highest average power in a 
typical PWR reactor. For this, we developed a program (Fuel_Rod_3D) in Fortran language using the Finite 
Elements Method (FEM) for the discretization of a fuel rod and coolant channel, in order to study the 
temperature distribution in both the fuel rod and the coolant channel. Transient parameters were coupled to the 
heat transfer equations in order to obtain details of the behavior of the rod and the channel, which allows the 
analysis of the temperature distribution and its change over time. This work aims to present a study case of an 
accident where there is a lack of energy in the reactor’s coolant pumps and in the diesel engines, resulting in an 
unplanned shutdown of the reactor. In order to achieve the intended goal, the present work was divided as 
follows: a short introduction about heat transfer, including the equations concerning the fuel rod and the energy 
equation in the channel, an explanation about how the verification of the Fuel_Rod_3D program was made, and 
the analysis of the results. 
 
 
1. INTRODUCTION 
 
In designing a reactor, one should take into account the integrity of the rod, because if there is 
a damage, radioactive products may be released into the coolant (water). Therefore, there is 
much concern with the cooling of the rod, especially in extreme cases, such as the total loss 
of the power that keeps the water recirculating within the core. Although, in this situation, 
fissions tend to cease (the heat generated by fission diminishes quickly), the pellets are still 
generating a small amount of heat due to radioactive decay of fission products. If the rods are 
not cooled, this small amount of heat generation is enough to make pellets and cladding reach 
their respective melting temperatures. 
 
Thus, it is necessary to know the behavior of the fuel rods in the normal operation of a 
nuclear reactor and also in situations like the one described above, so it can be possible, for 
example, to predict the time it takes for the rod to be permanently damaged, releasing 
radioactive products into the coolant. In other words: "A detailed understanding of fuel 
behavior under steady state, transient and accident conditions is an important part of the 
safety analysis of nuclear power plant." [1]. 
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 With that in mind, the Fuel_Rod_3D program was developed in Fortran, using the Finite 
Element Method (FEM) to study the temperature distribution in the fuel rod and in the 
coolant channel. 
 
Under normal operation, the reactor shutdown procedure is controlled and pre-planned, since 
its execution demands considerable amount of time and attention to various safety criteria. 
Moreover, despite the existence of various safety mechanisms, there are uncommon 
occurrences that may cause an unplanned shutdown of the plant. As an example, there is the 
situation that occurred in March 2011 at the Fukushima Daiichi Nuclear Power Plant in 
Japan, where a natural phenomenon (earthquake) caused the loss of external power. 
Immediately, the diesel generators were activated to serve as electricity suppliers, ensuring 
the removal of residual heat from the reactor. However, a second natural phenomenon 
(Tsunami) caused the disconnection of the generators and therefore the shutdown of the 
system. The result of this series of events were widely reported worldwide, contributing to 
the degradation of the nuclear industry’s image in face of the public opinion. 
 
Thus, the present work carries out a study case of the temperature distribution in a fuel rod 
when there is absence of residual heat removal, in other words, an unplanned shutdown of a 
typical PWR reactor is analyzed. For this purpose, the software used is initially verified by 
comparing the obtained results with an analytical solution. 
 
Considering the intention of this study, a brief introduction about heat transfer, including the 
equations concerning the fuel rod and the equation of energy in the channel, was initially 
made. After the verification, the results were analyzed. 
 
 
2. HEAT TRANSFER 
 
2.1 Modeling of the fuel rod and coolant channel 
 
For the modeling of the fuel rod and the coolant channel it is assumed that, in the Figure 1a, 
the average temperature (bulk temperature) of the coolant is the same for all the internal 
quadrants of the rods that form part of the channel. Therefore, it can be said that this  
temperature is also the same as the one in the channel shown in Figure 1b. 
 
 
 
 
Figure 1 Equivalent channel and internal cell. 
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2.2 Conservation of energy in the fuel rod 
 
The energy conservation can be formulated by the following variational formulation: 
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where ρ is the material density, c is the heat capacity, T the temperature, k is the thermal 
conductivity and Q is the heat generation term. 
 
This variational formulation implies the fulfillment of the energy balance of each material 
(fuel, gap and cladding). The heat transfer from the outer surface of the cladding to the 
coolant is also fulfilled by the variational formulation that incorporates the heat transfer 
coefficient h and the average temperature of the coolant, 
∞
T . 
 
2.3 Equation of energy in the channel 
 
The equation of energy conservation in the coolant channel is given by eq. (2): 
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(2) 
The flow rate along the coolant channel doesn't change, this is evidenced by the mass 
conservation equation, eq. (3): 
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where the following can be achieved: 
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Since it is a cell (Figure 1b) or internal channel, it is considered that there is no mass flow, or 
coolant transport, between adjacent channels, i.e. if a small mass passes from one channel to 
another, an equally small mass will come from a different channel to take the place of the 
first. 
 
As will be later discussed, the coolant channel is discretized in only one dimension. 
Therefore, integrating Eq. (2) over the whole area of the channel, Figure 1b, the coolant 
channel’s transient one-dimensional equation of energy conservation , Eq. (5), can be found: 
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(5) 
where A  is the area of the coolant channel, Figure 1, 
∞
T  is the bulk temperature of coolant, 
and q ′  is the amount of energy per meter of length. 
 
At this time, we have two equations, one for the energy conservation in the fuel rod and 
another for energy conservation in the coolant channel. A third equation is, therefore, 
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necessary to couple those two. That is, until now there were no connection between those two 
equations, and the heat supplied by the fuel rod were not received by the coolant channel. For 
this to happen, the eq. (6) is used: 
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(6) 
It can be noticed that the eq. (6) must be integrated throughout the wetted perimeter, since 
both the surface temperature of the rod and the heat transfer coefficient can vary from one 
position to the next along said perimeter. 
 
Substituting eq. (6) in eq. (5), we obtain the energy equation of the coolant channel eq. (7). 
Now, the two needed equations are completed. 
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2.4 Discretization of the fuel rod and coolant channel 
 
The fuel rod and coolant channel will be divided into segments, as shown in the Figure 2. 
Each segment of the channel will have its corresponding segment in the rod. This will make 
the bulk temperature (
∞
T ) of the coolant, over a certain segment, influence and be influenced 
by the corresponding segment of the rod. 
 
Based on this fact, the analysis of the channel will be one-dimensional, while the analysis of 
the rod will be three-dimensional. 
 
 
 
 
Figure 2: Rod, channel, and their segments. 
 
 
It will be considered that the bulk temperature of a segment is the same along the perimeter 
of the rod in said segment, since this temperature is the same for all four quadrants of the rod 
in Figure 1. 
 
The fuel rod was discretized into three dimensions, while the coolant channel, in order to 
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reduce the computational cost, was discretized one-dimensional along the rod, as shown in 
the Figure 2. 
 
Another assumed principle is that the components of the fuel rod do not suffer thermal 
expansion, maintaining a constant volume and a constant density in each component. 
 
The variational formulation of the fuel rod, eq. (1), was discretized by the Finite Element 
Method using the Galerkin’s Method. The mesh was composed of tetrahedral elements. 
 
The energy equation of the coolant channel, eq. (2), was discretized by the Finite Element 
Method using the method of least squares. Finite elements, with linear interpolation 
functions, were employed. 
 
The physical properties, such as thermal conductivity and specific heat, are all temperature 
dependent. There are correlations for each type of material (fuel, gap and cladding) [2], [1], 
[3] and [4]. For the coolant’s properties (water), some routines of the NBSNRCE [5] code 
were employed. 
 
2.5 Heat transfer correlation 
 
For the heat transfer coefficient, the Dittus-Boelter [6] correlation were implemented: 
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where h   is the heat transfer coefficient, the m&  and µ  are the mass flow and viscosity of the 
coolant in skg  e sPa. , respectively, hD  is the hydraulic diameter in m , pac  is the specific 
heat at constant pressure in CkgJ o./  and ak  is the thermal conductivity of water in CmW o.
. 
 
2.6 Correlation of CHF (Critical Heat Flux) 
 
For de CHF, it was implemented the W-3 correlation [6], as it is the “most widely used 
correlation of DNB conditions for PWR’s” [6].  
 
2.7 Equations for the reactor’s shutdown 
 
For this study, it was necessary to know the behavior of power and flow rate drops. For the 
first it was used the following correlation [6]: 
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where Q  and 0Q  are, respectively, the power density and initial power density in 3mW , t  
and sτ  are both the time in s  after shutdown and τ  is the time after reactor startup. 
 
For the flow rate drop of the coolant in the core, the graph of a typical pump of a 
Westinghouse PWR type reactor [7] were analyzed. With this graph, it was possible to find an 
equation, eq. (10), whose curve corresponds to the experimental behavior [7]. 
 
 
 
 
Figure 3: Drop in the coolant’s flow rate. 
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3. RESULTS / REVIEW 
 
3.1 Verification of the computer code 
 
Initially, it should be clarified that the program was verified based on steady state data [6]. 
Because the program simulates the transient regime, at time equals zero the temperature of 
the entire rod and coolant channel were stipulated as been 286 °C. The rate of heat generation 
and the water temperature at the channel inlet were fixed during the entire simulation. 
 
The problem [6] is analytical and disregards the axial heat flux. Therefore, this flux was 
removed from eq. (1), in such a manner that it was treated as if the material was anisotropic, 
i.e. employing the thermal conductivity in the axial direction as equal to zero (kz=0). 
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It was used several meshes so that the results could be compared with each other and with the 
analytical solution. The Table 1 shows the number of elements of the fuel rod and the coolant 
channel. 
 
 
Table 1: Number of elements in the generated meshes. 
 
Mesh Number of divisions 
of the channel 
Number of elements 
of the rod 
1.1 100 409.460 
1.2 100 766.050 
2.1 200 430.208 
2.2 200 838.078 
3.1 300 467.634 
3.2 300 865.720 
4 400 601.778 
5 500 638.887 
 
 
The water temperature at the outlet of the channel is 324 °C, this is the solution found 
analytically by the problem [6]. The simulations converged to the stationary giving a value of 
323.5 °C (arithmetic average of the stationary), as illustrated in Table 2. The Figure 4 
illustrates a comparison of the temporal evolution of the coolant’s outlet temperature between 
the simulations of all the meshes. It is noted that the time at which the temperature changes is 
the same in all simulations. 
 
The Table 2 shows the maximum temperature of the fuel and the temperature on the channel 
outlet. It is noticed that all meshes have similar values after the simulation is finished. 
 
The Figure 5 illustrates a comparison of the temporal evolution of the maximum fuel 
temperature between the simulations of all the meshes. Also, it is observed that the time at 
which the temperature changes is the same for all simulations. 
 
 
Table 2: Results of simulations. 
 
Mesh Outlet coolant channel temperature 
Maximum temperature 
of the fuel 
1.1 323,5 1737,7 
1.2 323,5 1736,7 
2.1 323,5 1735,7 
2.2 323,5 1735,7 
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3.1 323,5 1736,4 
3.2 323,5 1735,7 
4 323,5 1734,7 
5 323,5 1734,4 
 
 
 
 
Figure 4: Temporal evolution of the coolant’s temperature at the outlet of the channel. 
 
 
It is noticeable that the maximum temperatures of the fuel are very close, with a percent 
relative deviation of 0.16% between the lowest and highest values. As shown in the analytical 
solution, the temperature is 1735.3 °C, and the percent relative deviation between the 
arithmetic average (1735.9 °C) of the values found by the simulations and the analytical 
solution is 0.008%. Regarding the coolant temperature at the exit of the channel, the percent 
relative deviation between the arithmetic mean (323.52 °C) of the values found by the 
simulations and the analytical solution (324 °C) is 0.008%. 
 
 
 
 
Figure 5: Temporal evolution of the fuel’s maximum temperature. 
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The Figure 6 shows the temperature distribution throughout the coolant channel when the 
simulation 1.1 has reached a steady state. 
 
As all meshes showed acceptable values and mutual agreement, the mesh 1.1 was the one 
chosen to be put to use, thanks to its low computational cost, as shown in Table 3. 
 
 
 
 
Figure 6: Temperature distribution along the coolant channel. 
 
 
Table 3: Time simulations. 
 
Mesh 1.1 1.2 2.1 2.2 3.1 3.2 4 5 
Time (hours) 5 9 9 17 20 36 55 82 
 
 
The program was also verified considering the existence of axial heat flux and physical 
properties with temperature dependence. The results have also shown acceptable relative 
deviations. Therefore, the program is considered verified for the studies of heat transfer in a 
fuel rod and a coolant channel. 
 
 
4. STUDY CASE 
 
The Figure 7 shows the behavior of the power density and the flow rate in the reactor’s 
shutdown simulation. 
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Figure 7: Power density and flow rate drop. 
 
 
For this study, it is assumed that the rate of heat removal in the steam generator is matched to 
the rate of heat generation in the fuel, so the coolant temperature in the entrance of the 
channel remains unchanged at 286 °C. 
 
The equations and thermohydraulic correlations present in the computational code refers to 
heat transfer in the water only while it is in liquid form. This constitutes a limitation on the 
extent of the problem’s modeling. In general, the simulation is subjected to two limiting 
criteria: the bulk coolant temperature must be below the saturation temperature of the water, 
and the DNBR (Departure from Nucleate Boiling Ratio) must be greater than, or equal to, 
1.3. 
 
As it can be seen in Figure 7, despite the fact that the generation of heat continues for a 
considerable amount of time, as a result of the decay of fission products, there is a sharp drop 
in the reactor’s power. There is also a similar drop in the flow rate, although a more subtle 
one due to the pump’s inertia. Thus, because of the drop in these two quantities, the 
temperatures in the coolant channel and in the fuel rod suffers alterations, as shown in Figure 
8. 
 
 
 
 
Figure 8: Temporal evolution of the maximum temperatures of the fuel, cladding and 
water in the channel’s  outlet. 
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The water temperature at the outlet of the channel decreases rapidly until 300.9 °C, reaching 
the point A 21.4 s  after the beginning of shutdown. This decrease is due to the sharp drop of 
power density at the same time interval, losing more than 90% of its initial intensity. In 
contrast, at point A, the flow rate still has 40% of its initial value, being  sufficient to stop the 
reduction of the coolant’s temperature. In other words, at this point, heat removal by the 
coolant is equal to the heat generation. 
 
Starting from point "A" the balance is lost, because heat is generated at a greater rate than it’s 
removed. Thus, the water temperature increases again until it reaches the saturation 
temperature (344.8 °C at 15.5 MPa). This fact can be verified in Figure 9, which represents 
the temperature profile along the channel corresponding to the instant of time when this value 
is reached (about 140 s  after shutdown). 
 
 
 
 
Figure 9: Temperature distribution along the water coolant channel 140 s  after reactor 
shutdown. 
 
 
In a similar manner to the above explained behavior of the water, the maximum temperature 
of the fuel drops from 1632.6 °C  to 337.6 °C, 46.7 s  after the shutdown, with a slight 
increase thereafter. In this time lapse, the heat flux in the cladding’s surface assumes a value 
of 12.9 2mkW  while the critical heat flux has a value of 1703.6 2mkW , leading to a DNBR of 
131.7. 
 
In summary, although the coolant has reached the saturation temperature within a short period 
of time, the DNBR is still above its critical value. Thus, there is, in principle, the need for a 
longer time interval in which the minimum DNBR can eventually be reached. 
 
 
5. CONCLUSIONS 
 
The computer program developed in this study brings significant features to the study of heat 
transfer in fuel rods, especially for situations involving accident analysis, so as to solve 
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transient problems with three-dimensional geometry, considering aspects such as axial heat 
transfer, physical properties that depends on the temperature, DNBR analysis, and others. 
 
In addition, the program allows a study case in which certain peculiarities can be considered, 
such as deformities in the rod, cracks in the fuel pellets, roughening on the external face of 
the cladding, asymmetries in the distribution of the fuel pellets and so on. 
 
The results show good accuracy, given the small relative deviations found in the verification 
section and the coherence of solutions in the case study. Aspects that contributed to a good 
accuracy of the results relate to the mesh refinement and the use of correlations from trusted 
sources. 
 
As it was observed, the study of the reactor’s shutdown is invaluable to understand the 
behavior of the fuel rod subjected to the circumstances of an accident. It has shown that in 
about 140 s  the water reached its saturation temperature at a point near the outlet of the 
coolant channel, however it was seen that it is not determinant for the loss of the integrity of 
the rod, since the maximum temperatures of the fuel and the cladding remained far below the 
normal operating temperatures. 
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